A procedure for selective recovery of uranium from a hydrous oxide cake produced after alkali breakdown of Rosetta monazite mineral concentrate was proposed. This procedure was based on using urea as a leaching and chelating agent. The proposed procedure involved selective leaching of uranium (98%) using 150 g/L urea within 5 h agitation time, 400 rpm agitation speed at 25 °C and solid/liquid (S/L) ratio of 1/4 (weight/volume), leaving behind thorium (Th) and rare earth elements (REEs) content. Kinetics of leaching process as well as reaction mechanism between urea and uranium has been discussed. The results show that the predominant dissolution mechanism of uranium was chemically controlled and the apparent activation energy was 45.103 kJ/mole. The work was then shifted to separate Th selectively from the combined Th-REEs hydroxide cake via alkali dissolution of Th using a mixed weight of 3/1 Na 2 CO 3 /NaHCO 3 in a total concentration of 150 g/L. Finally, a tentative flow-sheet for selective recovery of U, Th and REEs from the studied hydrous oxide cake was presented.
Introduction
Monazite is a rare earth phosphate mineral, which constitutes one of the main sources of rare earth metals (RE and/ or REEs). It also contains thorium and uranium in significant concentration; thus, monazite is considered as one of the non-conventional uranium resources. Monazite concentrate commonly contains 24-29% of phosphate (P 2 O 5 ), 55-60% rare earth metal oxides, 5-10% thorium oxide (ThO 2 ) and 0.2-0.4% uranium oxide (U 3 O 8 ) [1] . Due to its extreme stability, monazite concentrate can be leached either by sulfuric acid or by sodium hydroxide at elevated temperature to decompose the orthophosphate lattice. Sodium hydroxide treatment is preferred in most commercial extraction plants because it is better to separate phosphate from the rare earth [2, 3] . The chemical reactions of both acidic and alkaline monazite processing are represented by the following equations:
Several methods are used for industrial processing of monazite to extract uranium, thorium and REEs from monazite sands [4] . The alkali process was proffered for monazite treatment in the different plants established in Malaysia, France and the US [5, 6] . Some workers treated the monazite using 70% NaOH under pressure for 2 h at 150 °C to produce insoluble REEs and Th hydroxides for subsequent processing [7] .
Recently, Amer et al. [8] have suggested an alternative procedure for processing of monazite mineral concentrate. This procedure was based on recovering uranium, thorium and rare earths using oxalate precipitation. In a sulphate solution containing 0.147 g/L U, 2.51 g/L Th and 23.93 g/L RE, 98% of thorium and 99% of rare earths were precipitated at pH 0.7 and 60 °C, while uranium remained in the solution. Thorium oxalate precipitate was subsequently selectively dissolved in a solution containing (1) 2REPO 4 + 3H 2 SO 4 → RE 2 SO 4 3 + 2H 3 PO 4 , (2) 2REPO 4 + 6NaOH → 2RE(OH) 3 + 2Na 3 PO 4 .
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150 g/L Na 2 CO 3 and NaHCO 3 in a ratio of 3:1 at 75 °C. It was proved that thorium could form a soluble complex with carbonate via the reaction shown in Eq. (3): Also, Amer et al. [9] have investigated an innovative procedure for a selective recovery of REEs from a hydrous oxide cake of Rosetta monazite mineral concentrate after alkali breakdown. This procedure was based on the selective dissolution of REEs from a hydrous oxide cake using ammonium sulfate solution. On the other hand, the subsequent recoveries of the other two associated metal values namely; U and Th have been achieved by selective carbonate dissolution for U followed by acidic leaching for both Th and the remained heavy REEs.
On the other hand, in the field of developing new interesting extractants for U recoveries, urea as a leaching agent offers several advantages over the classically used reagents especially with respect to the harmless nature of their degradation products and the possibility to burn; a matter which would reduce volume of secondary waste.
In this context, it can be stated that uranium was complexed with urea as urea uranate complex [(H 2 O·UO 3 ·2CO (NH 2 ) 2 ]. The latter was obtained for the first time by Gentile et al. [10] . In this regard, it might be interesting to refer to the application of amide and di-amide as promising extracting agents in the back end of the nuclear fuel cycle [11] . In the latter, the advantage of N,N-dialkyl aliphatic amides over organo-phosphorous compounds have been identified [12] . Accordingly, urea usually coordinates as a monodentate ligand through the oxygen atom, forming a C=O···M angle considerably smaller than 180°, in accordance with the O atom (A) (Fig. 1) [13] . The rare N, O-bidentate coordination mode (B) has been found in a very limited number of cases [14] .
(3)
Th C 2 O 4 2 + 4Na 2 CO 3 + 2NaHCO 3 → Na 6 Th CO 3 5 + 2Na 2 C 2 O 4 + H 2 O + CO 2 .
There were many efforts to study the interaction between the doubly charged uranyl cation and water molecules which could result in a hydration sphere. The hydration sphere is composed of a first hydration shell with water molecules coordinated directly to the uranyl ion in the equatorial plane (about five water molecules), and a second hydration shell with a second group of water molecules associated through hydrogen bonding with the water molecules in the first hydration shell (about ten water molecules [15, 16] 3− in a highly alkaline solution (about pH = 12). The urea ligand possesses double bond oxygen atoms with structural nitrogen atoms which are also regarded as excellent donor atoms to uranium [21] [22] [23] .
In this context, El-Sheikh et al. [24] have proven a selective leaching of uranium from the poly-mineralized carbonate-rich latosol ore material of Abu Thor locality of southwestern Sinai, Egypt using urea. The optimum leaching conditions have been determined using an ore ground to − 60 mesh size (0.250 mm), a urea solutions of 60 g/L concentration for 90 min in S/L ratio of 1/5. Under these conditions, uranium leaching efficiency was found to attain up to 97.5%.
In the present work, urea was considered as a selective non-conventional and economic leaching agent for uranium dissolution from a hydrous oxide cake produced after alkali breakdown of Rosetta monazite mineral concentrate. This was followed by a selective separation of either Th and REEs from the remaining combined Th-REEs cake according to the work of Amer et al. [9] .
Experimental

Material Preparation
In order to have a hydrous oxide cake, 500 g from the provided monazite mineral concentrate (90% purity) was ground to − 300 mesh size and then digested in 40% NaOH with S/L ratio of 1/1.5 for 4 h stirring time at 140 °C. The filtrate was subjected to sodium phosphate crystallization as a by-product at 60 °C. On the other hand, the obtained hydrous oxide cake was washed and dried at 110 °C before applying a selective leaching of uranium using urea. The two remaining metal values namely; Th and REEs were then selectively leached using alkaline leaching with NaCO 3 /NaHCO 3 mixture according to the work of Amer et al. [8, 9] . 
Processing Procedures
Selective Leaching of Uranium
The hydrous oxide cake under consideration was subjected to a selective leaching of uranium using urea as a leaching agent. This process has been performed via batch technique by mixing a hydrous oxide cake with a suitable volume of urea of various concentrations. The slurry was then agitated (400 rpm) for a fixed time at a certain temperature. After that, the treated slurry was filtered and the residue left behind was thoroughly washed. Both of filtrate and washings were made up to volume before analyses.
Selective Dissolution of Thorium from the Combined Th-REEs Cake
According to Amer et al. [9] , thorium was selectively dissolved from the free uranium hydrous oxide cake by mixing with 3/1 of Na 2 CO 3 /Na HCO 3 solution in a total concentration of 150 g/L at solid/liquid ratio of 1/6 for 2 h at 75 °C.
Analytical Procedures
The hydrous oxide cake was analyzed for determination of its chemical composition using prism ICP-OES, Teledyne technologies (Inductively Coupled Plasma Optical Emission Spectrometer). Meanwhile, thorium and REEs (in terms of La) were spectrometrically determined by the chromogenic reagent, Arsenazo-III [25] . Uranium in the different aqueous stream solutions as well as in the obtained concentrate was determined by the oxidimetric titration method against ammonium metavanadate after its reduction [26] . On the other hand, the final obtained concentrates of U, Th and REEs have semi-qualitatively been determined using ESEM-EDAX technique (Environmental Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy, Philips XL 30) together with wet chemical analyses. Infra-red spectra of urea before and after reaction with uranium were obtained using Book Company, New York Spectrometer. Each sample was determined using KBr disk.
Results and Discussion
Material Characteristics
According to 
Selective Uranium Dissolution
The dissolution of uranium selected from the studied hydrous oxide cake of Rosetta monazite mineral concentrate using urea was applied. The main applicable leaching conditions for recovering U content include effect of; urea concentration, agitation time, temperature, and S/L ratio. Each experiment was performed upon 5 g portion from the studied hydrous oxide cake.
Effect of Urea Concentration
The effect of urea concentration upon uranium dissolution efficiency from hydrous oxide cake was studied between 50 and 250 g/L. The other leaching conditions were fixed at solid-liquid (S/L) ratio of 1/4 and 3 h agitation time within agitation speed of 400 rpm at 25 °C.
From Table 2 , it can be concluded that by increasing urea concentration from 50 to 150 g/L uranium dissolution efficiency increased from 50 to 85%. On the other hand, increasing urea concentration to 200 and 250 g/L have resulted in a progressive decrease in uranium dissolution efficiency down to only 75% at 250 g urea/L. This may actually be due to the polymerization of urea molecules at high concentration values. However, biuret may be formed when two molecules of urea combine with the loss of a molecule of ammonia [27]:
Thus, it can be stated that the optimum concentration of urea solution was 150 g/L. It is worthy to mention herein that, neither Th nor REEs have been affected to any extent by increasing urea concentration. 
Effect of Agitation Time
A series of leaching experiments were done using 150 g/L of urea to study the effect of different agitation time upon U dissolution efficiency at the fixed conditions of; agitation speed 400 rpm, 25 °C and 1:4 S/L ratio. The obtained results indicate that increasing agitation time from 1 to 5 h has resulted in improving the leaching efficiency of U from 40 to 98%, Table 3 . Therefore, it can be concluded that 5 h is adequate to almost complete selective leaching of U using 150 g/L of urea. In this context, it is also noticed that REEs and Th contents of the studied hydrous cake were not affected even when the leaching time was increased to more than 5 h.
Effect of Leaching Temperature
The effect of temperature upon U leaching efficiency was studied between the ranges from 25 to 85 °C. The other leaching conditions were fixed at 150 g/L of urea, 5 h agitation time within agitation speed of 400 rpm and S/L ratio of 1:4. Under these conditions, the obtained dissolution efficiency can be illustrated from Table 4 which indicated that increasing leaching temperature has resulted in an adverse effect upon U dissolution efficiency. This may be due to urea polymerization or degradation by increasing pulp temperature. However, isocyanic acid may be produced from the thermal decomposition of ammonium cyanate as a result of degradation of urea [27]:
Accordingly, 25 °C is the optimum leaching temperature in which U dissolution efficiency attained 98%. Also, REEs and Th dissolution was not affected by any increase in the leaching temperature.
Effect of the Solid/Liquid Ratio
The effect of solid/liquid ratio upon U leaching efficiency was studied between 1/1 and 1/5 at fixed conditions of 25 °C, 150 g/L urea concentration and 5 h agitation time within agitation speed of 400 rpm. From the obtained results, as shown in Table 5 , it can be concluded that beyond S/L ratio of 1/4, only a slight steady increase in the leaching efficiency of uranium has been achieved. Accordingly, a solid/liquid ratio of 1/4 would be considered as the optimum one at which the leaching efficiency of uranium attained 98%. In this regard, it is noticed that REEs and Th contents of the studied hydrous oxide cake were not affected even when decreasing the S/L ratio to 1/5.
From the foregoing study, it can be stated that the optimum leaching conditions for dissolving 98% of the U content using urea are as following:
Urea concentration: 150 g/L. 
Kinetics of Leaching Process
Effect of Leaching Time on the Dissolution of Uranium at Different Temperatures
Leaching of uranium from the studied hydrous oxide cake was carried out at optimum conditions in the presence of 150 g/L of urea, solid/liquid ratio 1:4 at a temperature range between 25 and 85 °C. Figure 2 shows that the leachability of uranium increases gradually by increasing of time. The maximum leachability was found at 25 °C and after leaching time of 300 min.
Application of Leaching Kinetic Models
The un-reacted shrinking-core model is the most commonly used mathematical model to describe the heterogeneous reactions like mineral leaching from ores. In the solid-liquid phase reactions, the rate of reaction is controlled by the following steps: liquid-film diffusion (mass transfer), solid or product layer diffusion, and surface reaction or chemical reaction. One or more of these factors might control the rate of the reaction [29] . Amongst the three controlling mechanisms, the liquid-film diffusion resistance is eliminated or minimized by effective stirring. In order to determine the type of leaching mechanism prevalent for uranium, some reaction models were investigated to find which kinetic equation can fit the reaction isotherms. The results were analyzed by using the following kinetic rate equations.
Reaction rate expression controlled by the surface chemical reaction: K c is the rate constant (/min) for chemical reaction. x is the fraction of recovery.
Reaction rate expression controlled by the diffusion through the ash or product layer:
where K d is the rate constant (/min) for diffusion through the product layer.
The results of calculating 1 − (1 − x) 1/3 at different leaching times and temperatures are shown in Table 6 . uranium from the monazite hydrous oxide cake is chemically controlled only.
Calculation of the Activation Energy
The relation between the logarithmic values of the reaction rate constants K c and the reciprocal of the absolute leaching temperatures are shown in Table 7 . The logarithmic values of these reactions rate constants were plotted against the reciprocal of the absolute reduction temperature according to the Arrhenius equation shown in Fig. 5 . The activation energy of the reaction can be calculated using the following equation:
where K is a reaction rate constant, recovery (conversion fraction) in /min, A is the frequency factor, constant/min, Ea is the apparent activation energy kJ/mol. Rg is the universal gas constant = 8.314 J/k/mol. T is the reaction temperature "k". From of uranium from the monazite hydrous oxide cake is chemically controlled only. In this context, according to Crundwell [30] the activation energy for diffusion-controlled reactions is below 20 kJ/mol and it is above 40 kJ/mol for chemical controlled reactions.
Reaction Mechanism Between Urea and Uranium
Fourier transform infrared spectrometer characterization (FTIR) spectra are a useful tool to identify molecular to functional groups of the organic compounds. In the present work, the band observed at 3446/cm in spectra indicates the presence of N-H (primary amine) and 1686/cm for C=O while peak value at 1618/cm attributed to N-H bending. Also, C-N intense absorption bands appeared at 1463/cm. Finally, from the IR of reacted urea it can be stated that it is affected only at C=O which is shifted to 1605/cm Fig. 6 . From these results, it can be concluded that urea is a very weak base with a relatively high permanent dipole moment and hence electrolytically conducting in its aqueous solution. This electrolytic behavior can be well understood by a zwitter ion structure. Urea mostly exists as a zwitter ion NH 2 + :C(NH 2 )O _ and the following resonating hybrid structure were suggested [31, 32] : Accordingly, if we have more urea molecules in solution, the UO 2 2+ will pose more repulsion from −NH 2 + and this repulsion is low at lower urea concentrations. Furthermore, Urea complexation with uranyl ions can be written as:
We expect that urea is coordinated to U (VI) via the lone pair of electron at the oxygen atom of the carbonyl group (> C=O: → U) [33] . Also, with respect to U (VI) shows the distribution of U specious in relatively high urea concentrations [28] . According to this author, each set of urea concentrations behaves differently when interacting with a (9) xUO
5 × 10 −5 M uranyl solution in a medium of pH 4.5 at room temperature Fig. 7. 
Recovery of the Study Valuable Metals
Recovery of Uranium
For recovering uranium from the studied monazite hydrous oxide cake, a pregnant solution was prepared by applying the above mentioned optimum leaching conditions upon 500 g of the provided cake which has revealed the assay of 0.428 g/L of uranium with leaching efficiency of 98%. The latter is suitable for applying a direct precipitation technique to recover U, but the problem lies in the formation of gelatinous material at pH around 5 and/or 12. So, to avoid this problem, the uranium-urea solution would be firstly evaporated till crystallization. The crystalline precipitate was then dissolved in dilute sulfuric acid to convert uranyl urate complex to the uranyl sulfate one. The latter solution was then subjected to pH adjustment at pH 5.5-7 using NH 4 OH solution to precipitate uranium as ammonium diuranate according to the following equation:
The precipitated ammonium di-uranate was properly filtered, washed and dried before being ascertained by the (10)
qualitative ESEM analysis as shown in Fig. 8 . On the other hand, the quantitative chemical analysis of the obtained pure uranium concentrate revealed a U content of about 76%.
Recovery of Th and REEs
According to Amer et al. [9] , Th could be recovered from its combined REEs by alkali treatment of the working hydrous oxide cake using a mixed weight of 3/1 Na 2 CO 3 / NaHCO 3 in total concentration of 150 g/L at solid/liquid ratio of 1/6 for 2 h at 75 °C. Analysis of the prepared thorium solution was found to be free from any of REEs while its Th content assayed 0.5 g Th/L. Acidification of the latter using diluted HCl to pH 2.3 resulted in the precipitation of Th hydroxide which was filtered, washed, dried and calcined to have ThO 2 (Fig. 9) . On the other hand, REEs concentrate left behind was calcinated and proven by ESEM-EDAX analysis (Fig. 10) . Finally, the mentioned procedure was proposed in working flow-sheet Fig. 11. 
Conclusions
A new procedure has been developed for a selective recovery of uranium from a hydrous oxide cake of Egyptian monazite mineral concentrate. This procedure involved selective leaching of uranium using 150 g/L urea, 5 h agitation time within agitation speed of 400 rpm at 25 °C and S/L ratio of 1/4, leaving behind Th and REEs content. Kinetics of the leaching process as well as the reaction mechanism between Fig. 11 Proposed technical flowsheet for selective leaching of uranium from Rosetta monazite mineral concentrate using urea urea and uranium has been proved as chemically controlled and the calculated apparent activation energy was 45.103 kJ/ mol. From the obtained results, it can be concluded that urea offers several advantages over the classically used reagents especially with respect to the harmless nature of their degradation products and the possibility to burn; a matter which would reduce volume of secondary waste.
On the other hand, to separate Th selectively from the combined Th-REEs hydroxide, Th was dissolved via alkaline leaching using mixed weight of 3/1 Na 2 CO 3 /Na HCO 3 in total concentration of 150 g/L, solid/liquid ratio of 1/6 for 2 h at 75 °C.
Finally, proper analyses of the obtained concentrates of U, Th and REEs have revealed the potential of applying the mentioned procedure.
